The energy harvesting network in mobile environment is promising for sustainable environment and green communication. How to efficiently use the harvested energy is a key to improve the performance of energy harvesting communication network. This paper considers a point-to-point communication scenario where a static sensor harvests energy and transmits information to a moving agent. From the viewpoint of information theory, we present an optimal power allocation (PA) solution to achieve the maximum channel service. We prove that using a water-filling transmission power, during a single transmission timeslot, the energy depletion time is uniquely determined by the initial energy in the sensor regardless of the energy-harvesting power. On the other hand, the energy depletion time is a determinant of whether the energy is exhausted at the end of the transmission timeslot. Based on the obtained results, an event-triggered transmission strategy is proposed where a sensor harvests energy to a certain amount so as to trigger information transmission towards the moving agent. Some numerical results are provided to confirm the theoretical analysis and our proposed event-triggered implementation approach.
Introduction
In future networks, it may become more popular for a remote node using renewable energy to transfer information. The energy harvesting node not only saves nonrenewable energy from depletion but also supplies power for many automatic unattended operation circumstances. Different from conventional batteries, energy harvesting enables information source to replenish energy automatically. However, due to the complication of the channel and the noise, the transmission efficiency is the principal concern for putting energy harvesting in wide application for mobile communication. In order to meet these requirements, it is desiderative to study the optimal strategy for energy harvesting network in mobile communication systems.
There are a multitude of literatures working on energy harvesting in several aspects [1] . In [2] , minimizing transmission completion time is considered given a number of bits to send where packets are ready before transmission or arrives during transmission. Reference [3, 4] maximize throughput where the framework of [3] invents time correlated. Reference [13] maximizes the long-term average transmitted data importance applying threshold policy. In [14] , the mean delay optimal energy management policies are identified considering fading channel and the leakage of energy, where greedy policy puts up a good performance in low SNR regime. Also, in [15] , a general reward is derived to evaluate the performance of different design objectives where energy supply is memoryless. In [16] , minimization of the energy requirement is considered to achieve green system design.
All the works aforementioned except [3] study the energy-harvesting problems where energy packets are in discrete forms. From the view of practical applications, [3, [17] [18] [19] [20] [21] consider the moving agent when energy harvesting happens. When the energy harvested from environment is consecutive, channel service becomes a more suitable performance metric as [19] considered. Literature [20] gives feasibility to such continuous scene. It derives constant power allocation schemes in terms of channel service maximization. In [21] , the trade-off between the channel service and the system fairness is discussed.
This paper mainly focuses on answering the problem when it is optimal for the event-triggered strategy in energy-harvesting transmission. As an extension of our previous work in [22] , we consider an energy-harvesting sensor system from which a mobile agent received information. For example, there are some specific scenarios like a bus or a car gathers information from sensor network while driving along the highway. We employ the channel service as the metric where the sensors harvest energy and transmit information at the same time. We model the system as an infinite battery capacity model, and the sensor immediately starts to transmit information when the mobile information collection agent, also referred to mobile agent, is coming. Under these assumptions, we calculate the precise maximum channel service.
Different from the literatures above, we introduce the event-triggered scheduling [23] in our strategy, in order to approach the maximum channel service. In another word, we fix attention on a channel service maximization problem with infinite battery in a mobile scenario where energy harvesting is simultaneous with information transmission.
The remainder of this paper is arranged as follows: Section 2 introduces a one-dimensional mobility system model and formulates the problem. In Section 3, we give a general implicit form of the optimal solution in subsection 3.1 and discuss the solution in detail in subsection 3.2. Subsection 3.3 derives event-triggered transmission strategy and the corresponding algorithm based on water filling. Section 4 demonstrates the performance of our strategy and discusses the numerical results. Section 5 concludes the paper finally.
System model
Consider the scenario that a static sensor node harvests energy and transmits information to a moving node, as shown in Fig. 1 . Due to signal attenuation, we assume that transmission can only happen when the distance between the two nodes is smaller than or equal to a threshold, r. As the moving node passes by along a straight line, the distance between the moving node and the sensor node
where v is the velocity of the moving node, t is the instantaneous time, L 0 is the maximum transmission range on one side, and d 0 is the minimum distance between the agent and the static sensor. Figure 1 also shows the threshold r, also called effective range, that satisfies This effective range r contains all the positions of the moving node where the transmission can be conducted. Because of the symmetry of the trajectory, the wireless channel varies symmetrically in time, with AWGN noise. We are going to study the power allocation (PA) strategy in this transmission procedure.
Let W denote the bandwidth, N c (t) denote the noise power, G s denote the channel gain, and P s (t) denote the transmission power which is determined by a certain PA strategy. The SNR is
where N(t) = N c (t)/G s is denoted as the equivalent noise power in this paper for convenience. Let N 0 represent the noise power density, and α c represent the attenuation coefficient of the channel, the instantaneous channel capacity C(t) [24] is given by
where N(t) is the equivalent noise depended on the distance, given as
Moreover, the channel service in a transmission procedure is defined as
where T s is the time interval of the transmission. In our case, T s = 0, 2L 0 v . It is known that the optimal strategy which achieves maximum channel service without energy harvesting is the water-filling strategy [21] .
However, in the energy harvesting scenario, we have a new energy causality constraint. Let B(t) denote the total energy that the sensor node can hold at time t, without supplying power for information transmission. B(t) is composed of two parts, the initial energy in the battery B 0 and the harvest energy in the process of transmission. Assuming that the power of energy harvesting is a constant during the process of transmission, denoted as P h , and the battery capacity is sufficient large, we have
On the other hand, define E s (t) as the total energy that is consumed during the transmission. We have
Then, the energy causality constraint is
This constraint ensures that energy which is harvested in the future can not be consumed now. Inequality (9) must be fulfilled by any feasible power allocation solution.
So far, the optimization problem to maximize channel service in a transmission procedure is given by
where
In the next section, we will characterize the solution of the optimization problem and corresponding transmission strategies.
Power allocation in the energy-harvesting scenario
In this section, we characterize the solution in the energyharvesting scenario. Based on the properties of the optimal solution, we put forward a corresponding transmission strategy.
The optimal solution: an implicit expression
To obtain the optimal solution to problem (10), we use the Lagrange multiplier method. The Lagrangian function is
where λ(t) represents the Lagrange multiplier at time t.
Note that λ(t) is a function of time variable t rather than a constant, which differs significantly from discrete works. Set the derivative of F with respect to P s (τ ) as zero
Define (τ )
Based on the KKT conditions, we can obtain
Note that the multiplier λ(t) is a function of t, (13) associated with the constraint in (14) provides an implicit optimal solution for the channel service maximization problem (10) . To get more insights from the solution (13), in section 3.2, we embark from the relaxation of the causality constraint and figure out a feasible optimal solution. Then in section 3.3, we present a corresponding transmission strategy from the angle of event-triggered scheduling.
Characterize the optimal solution
Now, we relax the energy causality constraint. Instead of constraint (9), we only confine the total energy consumed in a transmission procedure, i.e.
where E m is the final state of the energy Eq. (7), given by
So the optimization problem (10) becomes
Apparently, problem (17) is a relaxation of problem (10) . In this case, the optimal strategy is the water-filling power allocation [21] and the transmission power is given by
This is a classic power allocation strategy for maximizing channel service named from a vivid description of the procedure. The power of equivalent noise N(t) is a bowllike curve, and the water-filling strategy shows that the power of the receiving information N(t) + P s (t) should be a horizontal line, just like filling water into the bowl.
However, the water-filling solution above can not apply to the real-time energy-harvesting scene, problem (10), because of the absence of causality constraint. In fact, the sensor cannot use the energy which has not harvested yet.
Back to the original energy constraint B(t) = P h t + B 0 , now we consider the feasibility and optimality of the "water-filling-like" strategies, i.e., set
one can achieve the maximum channel service if and only if B(t)
Proof See Appendix A.
The examples of Theorem 1 are shown in Fig. 8 . A special case of power allocation seen from the figure is that the energy constraint is a constant and the tangent point is the time when transmission ends.
It is easy to observe that the tangent point is the time when B(t) = E s (t). In other words, the battery is depleted at the tangent point. Since the transmission power can maintain zero for some time both at the beginning and the end of the timeslot, in order to simplify the issue, we shall consider the situation where the transmission power is non-zero during the whole timeslot.
Lemma 1 Consider problem (10). For a water-filling-like strategy, the depletion time when the energy in the battery is zero, denoted by t 0 , is uniquely decided by the initial battery capacity B 0 and irrelevant to the energy-harvesting power P h , if and only if
Proof See Appendix B. 
Lemma 2 For a water-filling-like strategy, the time when the energy in the battery is depleted, denoted as t
v . Therefore, if a sensor exhausts its energy during the first half of the transmission, we will get B 0 ≤ 0, which yields a contradiction.
According to Lemma 1, although we can not get a closed form for the energy depletion time t 0 , we can still characterize its relation with B 0 .
Lemma 3 For a water-filling-like strategy, the energy depletion time t 0 is monotonically increasing with the initial energy B
which concludes that t 0 is increasing with the initial energy B 0 .
Later, we will prove for a water-filling-like strategy to be optimal, the energy should be depleted at the end of the transmission, meaning Eq. (42). Then, the corresponding initial energy is
Define 
Proof See Appendix C.
So far, we have found a condition under which the maximal channel service can be achieved by a simple water-filling strategy. The condition is
In order to meet this requirement, before the transmission starts, the sensor should harvest at least
Under such conditions, the sensor can utilize all the energy it harvests before and during the transmission procedure to communicate with the moving agent and achieve the maximal channel service finally.
The event-triggered transmission strategy
Section 3.2 shows that if the initial energy in the battery of the sensor node satisfies (22) , then a water-filling strategy can achieve the maximal channel service. This enlightens us on an event-triggered strategy as shown in Fig. 2 . When the mobile agent arrives, the transmission is triggered if and only if inequality (22) is satisfied.
Before the transmission is triggered, the sensor only harvests energy and does not provide service for transmit-
, where T hmin represents the minimum value of charging time before the transmission is triggered. Thus, the energy-harvesting time T h before the transmission is triggered satisfies 
In a service session, the sensor node begins with an empty battery and remains silent for T hmin . Then, the sensor starts to detect moving agents while it continues to harvest energy. When a moving agent comes, if the transmission is triggered, i.e., B(t) ≥ 2L 0 v 0 P fill (t)dt, the energy harvested in this service session will be exploited. After that, a new session will start. Meanwhile, a transmission is triggered if the energy in the battery when a moving agent arrives satisfies (22) . Algorithm 1 shows the details of the event-triggered transmission strategy.
Algorithm 1 Event-Triggered Transmission Strategy Input: Energy harvesting power
The maximum velocity of the moving node v max obtained from the traffic condition.
Output: The transmission power P s (t).
Initialize: Set P s (t) = 0.
1: Set the equivalent noise 
5:
Detect the arrival of the agent and get its velocity v. 6: Continue harvesting energy B(t) = B 0 + P h t.
7:
Set P fill (t) =N(0) − N(t; v). Set E s = P h t + 2L 0 v .
10:
Set P s (t) = continue 13: end if 14: end loop From Algorithm 1, the utilization of a sensor node is given by
In this case, moving agents may be missed if the transmission is not triggered. This can be easily solved by adding sensor nodes, based on the arrival rate of the moving agents.
Furthermore, we show how the velocity of the agent and the effective range affect the triggering of transmissions. Define the initial energy boundary as B * 0 B * 0
Take the partial derivative of B * 0 with respect to L 0
which indicates that the initial energy boundary monotonically decreases with the effective range. On the other hand, in order to take the partial derivative of B * 0 with respect to the agent's velocity v, we rewrite B * 0 as
which shows that the initial energy boundary monotonically decreases with the velocity of the agent.
In conclusion, (26) and (28) show that the initial energy boundary for triggering the transmission increases with the effective range and decreases with the velocity of the moving agent. Also, there is a trade-off between the triggered boundary B * 0 and the channel service S. Higher boundary brings greater channel service but in turn increases the blocking probability.
Numerical results
In this section, we simulate the event-triggered transmission strategy proposed in Section 3 and show numerical results. We set the system power gain as G s = 20 dB, the attenuation coefficient as α c = 3, and the noise power density as N 0 = 0.1. For convenience, we standardize the system bandwidth as W = 1. Assuming that the initial distance between the static sensor node and the moving track is d 0 = 100 m, the effective interval is L 0 = 625 m, and the velocity of the moving node is v = 20 m/s; thus, the time interval of the transmission is T s = 62.5 s.
In Fig. 3 , we plot the energy consulting curve in dotted lines and the corresponding energy constraint in solid lines. We can see that Lemma 1 is correct. According to Theorem 1, with the energy constraint, the dotted lines show the maximum energy a sensor can consume if we set the transmission power as Eq. (18) (apply the water-filling strategy). For different energy-harvesting powers P h shown in Fig. 3 , the corresponding energy depletion times t 0 are identical owing to the equality of the initial energy B 0 . It means that t 0 is only determined by B 0 and is independent of P h , as discussed in subsection 3.2.
Besides, Fig. 4 illustrates the energy consulting curve and the corresponding energy constraint when the initial energy B 0 varies. When B 0 equals 5.79 × 10 5 , 2.02 × 10 7 , and 4.58×10 7 , respectively, t 0 increases as shown in Fig. 4 , where t 01 < t 02 < t 03 . It is shown that the energy consumed time t 0 increases with the initial energy B 0 . The simulation result is consistent with Lemma 3.
Moreover, if we set the transmission power as Eq. (18), the energy depletion time t 0 is exactly the end of the timeslot 62.5 s. Under this condition, we obtain the transmission power as shown in Fig. 5 . The green dotted lines represent the noise power N(t) and the blue solid line represents the power P s (t) + N(t), which is received at the moving agent. The noise power is a bowl-like curve.
Inside this bowl, the area of bright pink is It suggests that the sensor should at least fill the noise bowl before a transmission is triggered so as to achieve the maximum channel service. Thus, for a certain mobile channel, we can accurately obtain the least energy a sensor should harvest before transmission starts. Just fill the noise bowl, then the transmission can be triggered.
Overall, Figs. 3 and 4 are not the optimum strategy for the energy that shows a small surplus at the end of the timeslot. On the contrary, Fig. 6 simulates the optimum Thus, the energy constraint is the minimum such that at the end of the timeslot, the transmission power is the same as the energy-harvesting power. As the green, the red, and the black curves shown in Fig. 6 , when t = 62.5s, . Although the energy is depleted at the end of the service session t = 62.5 s, the blue line is not the tangent line of the energy consuming curve, which is different from the green, the red, and the black one. This can be seen clearly in Fig. 6 if we enlarge the intersection neighborhood.
Last but not the least, we plot Fig. 7 to show the channel service of transmission strategies. Compared with the hasty transmission, where the PA is constant, our eventtriggered policy increases over 10% in terms of channel service.
Conclusions
In this paper, we study the optimum transmission PA in a mobile point-to-point communication system. We first derive the theoretic PA solution under constant harvesting power. Then we propose an event-triggered transmission strategy to achieve the maximum channel service. Two conditions should be satisfied: one is to transmit information throughout the whole service session, and the other is to deplete the energy at the end of the timeslot. Before the transmission is triggered, the sensor should first harvest enough energy. After the transmission is triggered, the sensor continues to harvest energy and provide power for transmitting information at the same time. We calculate the harvesting time and the transmission power of water filling. Also, we give the physical interpretation of the initial energy boundary, i.e., filling the noise bowl to the full. In conclusion, the results in this paper suggest a practical event-triggered transmission strategy that the maximum channel service can be achieved for a mobile transmission system driven by an energy-harvesting sensor. It may provide more insights to the sensor operating design for environment information collecting systems. 
where P s (t) is given by (38) in details. In fact, case 2 degrades to problem (17) as discussed in subsection 3.2. Apparently, when the energy causality constraint is a constant, the corresponding energy-harvesting line is a tangent line of the energy consuming curve. Therefore, in case 2, Theorem 1 is certain to be true. On the other hand, case 3 is similar to case 1. The only difference is the time interval of transmission. In case 3, the transmission procedure T s is just shortened from 0, So, if we can prove Theorem 1 in case 1, the proof of Theorem 1 will be completed. The following proof is based on condition (29).
First of all, we prove the necessity which means the maximum channel service will lead to the tangent line. We start with the proof of the unicity of tangent line passing through a certain point (0, B 0 ). Taking the second derivative of E s (t), we get 
Next, we will prove if the the maximum channel service is achieved, B(t) = P h t + B 0 must be the tangent line of
Since the energy consumed in transmission is 
is not feasible for problem (10) . On the other hand, ifλ > λ, thenẼ s (t) < E s (t). Apparently,λ is not desirable because the less transmission energy we have, the less channel service we can get. Apparently, the Lagrangian multiplierλ > λ is not optimal.
As a consequence, there is noλ = λ that can augment the channel service. For λ1 = λ2, the corresponding transmission power P s1 (t) = P s2 (t). When the harvesting power and the initial energy in the battery are confirmed, we have the unique water-filling power allocation that can achieve the maximum channel service. Under this PA,
Finally, we prove the sufficiency. That is to say, the tangent line will lead to the maximum channel service. As stated above, whenλ > λ,Ẽ s (t) satisfiesẼ s (t) < E s (t). So B(t) andẼ s (t) do not intersect. On the other hand, wheñ λ < λ,Ẽ s (t) satisfiesẼ s (t) > E s (t) and the strategy is not feasible. Neither case can achieve the maximum channel service as mentioned above.
B Proof of Lemma 1
Proof Given Eq. (18), Theorem 1 illustrates that the energy-harvesting curve B(t) = P h t + B 0 must be the tangent line to the energy consuming curve E s (t) = , P s (t) > 0. In accordance with the properties of tangent line, we have
When t = t 0 , the energy constraint in the battery and the energy expended by transmission respectively can be presented as
From (33), (35), and (36), we can get 
N(t)dt
which indicates that t 0 is only determined by B 0 but has nothing to do with P h . From the above, we have proved the sufficient condition in Lemma 1. Next, we will prove the necessary condition. 
It is shown that t 0 is related to both t b and B 0 , where t b is determined by P h . Thus, if t 0 is uniquely determined by B 0 , ∀t ∈ (0, 2L 0 v ), P s (t) > 0 must be satisfied.
C Proof of Theorem 2
Proof We consider Eq. (18) as the PA for problem (10) . Lemma 3 has proved that if 
Thus, at the end of the timeslot, the energy left in the battery E left is
So if energy is exhausted at the end of the timeslot, the initial energy B 0 must satisfy inequality (22) . The converse is also true. If B 0 satisfies inequality (22) , according to Lemmas 1 and 3, no matter what value P h is, the time when energy is exhausted satisfies t 0 ≥ 
Thus, Theorem 2 is equivalent to the statement that the PA (18) with a proper λ > 0 can be optimal for problem (10) if and only if energy should be exhausted at the end of the timeslot.
The proof of this statement is intuitive. If the energy is not exhausted at the end of the timeslot, the remaining energy can be used to transmit information, which indicates that the current PA cannot achieve the maximum channel service. On the other hand, if we already know that the energy is depleted at the end of the timeslot, the harvesting energy line and the transmission energy curve intersects at t = 2L 0 v , which means
Since the PA is feasible, the water-filling strategy can absolutely achieve the maximum throughput as subsection 3.2 discussed.
